Memories are usually divided into short-term memory, lasting 1-3 hr, and long-term memory, lasting for years or even a lifetime (Dudai, 2004; Kandel, 2001; McGaugh, 2000) . In general, longlasting memories require new protein synthesis, but there is no absolute time frame that differentiates protein-synthesis-dependent and -independent memories. For example, associative olfactory conditioning in Drosophila, known as anesthesia-resistant memory (ARM), can last over 24 hr in the absence of protein synthesis , while increases in postsynaptic responsiveness in Aplysia motor neurons depend on rapid protein synthesis after only 10 min (Villareal et al., 2007) . The formation of new memories requires not just translation per se, but is dependent on regulation of specific mRNAs. Thus, a more thorough understanding of how these regulatory processes function in neurons should help to elucidate many important basic aspects of neuronal function. In this review, we focus on the regulation of translation during synaptic plasticity and memory formation, but it is noteworthy that translational control is important for additional neuronal functions, such as growth, axonal guidance, and other specialized neuronal functions.
Activity-dependent changes in the strength and/or number of synaptic connections are believed to underlie long-term changes in neural circuits and thus modulate behavior (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999) . To study memory at the ''cellular'' level, neuroscientists use very well defined models that measure changes in synaptic strength, termed long-term potentiation (LTP) and long-term depression (LTD) in vertebrates and long-term facilitation (LTF) in invertebrates (Kandel, 2001; Malenka and Bear, 2004) . The idea of using LTP, which has received most of the attention as a cellular model for learning and memory, is supported by the evidence that LTP and memory share similar molecular and cellular mechanisms (Lynch, 2004; Neves et al., 2008) . For instance, like memory, LTP occurs in two temporally distinct phases: early LTP (E-LTP) depends on modification of preexisting proteins, whereas late LTP (L-LTP) requires transcription and synthesis of new proteins. E-LTP is typically induced by a single train of high-frequency (tetanic) stimulation of an afferent pathway and lasts only 1-2 hr. In contrast, L-LTP is generally induced by several repetitions of such stimulations (typically four tetanic trains separated by 5-10 min) and persists for many hours (Costa-Mattioli and Sonenberg, 2008; Kandel, 2001; Kelleher et al., 2004b; . In invertebrates, facilitation-an enhancement of synaptic strength induced by serotonin at sensory-motor synapses that is thought to underlie behavioral sensitizationalso exhibits similar temporal phases, with short-term facilitation (STF) depending on modification of preexisting proteins and LTF being dependent on transcription and synthesis of new proteins (Kandel, 2001 ).
Mechanisms of Translation
The control of mRNA translation in eukaryotes is an important and frequent means to regulate gene expression. Initiation in eukaryotes is the rate-limiting step of translation under most circumstances and therefore serves as a major target for translational control. In eukaryotes, translation initiation is an exquisitely complex process catalyzed by at least 12 initiation factors (eIFs) and can be subdivided into three key events: (1) formation of the 43S ribosomal preinitiation complex, (2) binding of the mRNA to the 43S ribosomal complex, and (3) 80S ribosomal complex formation.
The binding of eIF2, which comprises three subunits (a, b, and g), to GTP and Met-tRNA i Met to form a ternary complex is an early step in the initiation process. The ternary complex then associates with the small 40S ribosomal subunit, which is associated with other eIFs (see below) to form a 43S ribosomal preinitiation complex. Ribosome recruitment to the mRNA occurs by either (1) a cap-dependent process, in which ribosome binding is facilitated by the 5 0 -cap structure (m7GpppX, where X is any nucleotide and m is a methyl group) present on all nuclear-transcribed mRNAs (Shatkin, 1985) , or (2) a less frequently used cap-independent mechanism that involves recruitment of the ribosome to an internal sequence in the mRNA 5 0 untranslated region (UTR), termed internal ribosome entry site (IRES) (Doudna and Sarnow, 2007; Elroy-Stein and Merrick, 2007) . A critical factor involved in cap-dependent translation is eIF4F, which consists of three subunits: (1) eIF4E, the cap-binding protein; (2) eIF4A, a bidirectional ATP-dependent RNA helicase that is thought to unwind the secondary structure of the 5 0 UTR of the mRNA; and (3) eIF4GI or eIF4GII, two large scaffolding proteins that bridge the mRNA to the 43S preinitiation complex through interactions with eIF3 (which is bound to the 40S ribosomal subunit) (Gingras et al., 1999b) . Once bound to the 5 0 end of the mRNA, the 43S ribosomal complex is thought to traverse the 5 0 UTR in a 5 0 -3 0 direction, until it encounters the initiation codon (AUG or a cognate thereof). Initiation codon selection is effected by several factors, including eIF1, eIF2, and eIF3 (Hinnebusch et al., 2007; Pestova et al., 2007) . Because these eIFs bind to the surfaces of 40S, which are critical for 40S-60S intersubunit interactions, they preclude 60S ribosomal joining. To release eIF2-bound GTP from the ribosome, GTP is hydrolyzed by eIF5, a GTPase-activating protein (GAP). eIF5 together with a distinct GTPase eIF5B are thought to displace eIF2 and other factors, thus enabling 60S ribosome subunit joining (Pestova et al., 2007) . After initiation is completed, elongation factors are recruited to carry out the elongation of the polypeptide chain. eEF1A is a GTPase required for the entry of the tRNA onto the ribosome, and eEF1B (consisting of three subunits (a, b, and g) is the guanine nucleotide exchange factor (GEF) for eEF1A. eEF2 catalyzes the translocation of ribosome on the mRNA after peptide bond formation. Upon recognition of a stop codon, termination factors promote the release of the polypeptide chain from the mRNA and ribosome.
Regulation of Translation by eIF2a Phosphorylation eIF2 associates with the small 40S ribosomal subunit in its GTPbound form. GTP is hydrolyzed by eIF5 upon 60S joining to release eIF2 from the ribosome in a GDP-bound state. To reconstitute a functional eIF2dGTPdMet-tRNA i Met ternary complex for a new round of translation initiation, the GEF, eIF2B, catalyzes the exchange of GDP for GTP on eIF2 (Hinnebusch et al., 2007) .
Phosphorylation of Ser51 in the a subunit of eIF2 converts eIF2a into a dominant inhibitor of the GEF activity of eIF2B and therefore causes a decrease in general translation initiation (Dever, 2002; Hinnebusch et al., 2007) . Because most cells contain more eIF2 than eIF2B, phosphorylation of only a fraction of eIF2a is sufficient to inhibit eIF2B's function and thus decrease translation rates. In higher eukaryotes, the phosphorylation of eIF2a is controlled by four protein kinases, for which eIF2a is most likely their only known substrate (Figure 1) . The kinases are the double-stranded (ds) RNA-activated protein kinase (PKR), the hemin-regulated inhibitor kinase (HRI), the pancreatic eIF2a or PKR-endoplasmic reticulum (ER)-related kinase (PEK/PERK), and the general control nonderepressible-2 (GCN2) kinase, each of which is activated by distinct stresses that decrease protein synthesis by an appropriate response (PKR by double-stranded RNA [dsRNA] , HRI by heme deficiency, PEK/PERK by misfolded proteins in the ER, and GCN2 by amino acid deprivation and UV irradiation) ( Figure 1 and Table 1 ). GCN2 is the only eIF2a kinase that is evolutionarily conserved from yeast to mammals (Costa-Mattioli et al., 2007b; Hinnebusch, 2000) and is enriched in the brain of flies (Santoyo et al., 1997) and mammals (Berlanga et al., 1999; Sood et al., 2000) , especially in the hippocampus (Costa-Mattioli et al., 2005) .
Although phosphorylation of eIF2a impairs general translation, it also paradoxically results in translational upregulation of a subset of mRNAs that contain upstream open reading frames (uORFs) (Hinnebusch et al., 2007; Ron and Harding, 2007) A B The ATF4 mRNA (straight line), harbors uORFs 1 and 2 (green boxes). Upon translation of uORF1, the 80S ribosome dissociates and the 40S ribosomal subunit remains attached to the mRNA and resumes scanning in a 5 0 to 3 0 direction.
(A) Under normal conditions, there is a sufficient supply of ternary complex (eIF2-Met-tRNA i Met -GTP), which rapidly associate with the 40S ribosomal subunit. This enables the 40S subunit to reinitiate translation at the AUG of uORF2. The 80S ribosome dissociates after terminating at uORF2. As the 40S ribosomal subunit cannot scan backward, the AUG codon of ATF4 cannot be translated. (B) Under conditions in which eIF2a is phosphorylated, the amount of ternary complex is reduced. Thus, a significant portion of scanning 40S ribosomal subunits scan pass the AUG of uORF2 and initiate at the AUG of ATF4.
( Figure 1 ). The molecular mechanism underlying this selective translational upregulation was extensively studied and elucidated for the general amino acid control response in the yeast S. cerevisiae (Hinnebusch et al., 2007) and is conserved throughout evolution. In yeast, when amino acids are scarce, translation of the transcriptional activator GCN4 mRNA, which contains four uORFs, is stimulated by eIF2a phosphorylation (Hinnebusch et al., 2007) . In mammalian cells, the translation of the GCN4 metazoan counterpart, the transcriptional modulator ATF4, which contains two uORFs, is enhanced in response to eIF2a phosphorylation (Harding et al., 2000; Vattem and Wek, 2004) (Figure 1 ). The first ATF4 mRNA uORF encodes a 3 amino acid peptide. The second uORF which encodes a 59 amino acid peptide, overlaps with the first 83 nt of the ATF4-coding region. When levels of the ternary complex are high, scanning ribosomes translate the first ORF, and a large fraction of them reinitiate on the second ORF, thus terminating downstream of the ATF4 major initiation codon. Because the ribosome cannot scan backward, translation from the major initiation codon is low. In contrast, when eIF2a is phosphorylated, the levels of ternary complex are reduced, thus a significant fraction of the scanning 40S subunits cannot reinitiate on the second ORF, thus bypassing it and continue scanning to allow initiation at the major ATF4 start codon (Figure 1) . Therefore, as in yeast, eIF2a phosphorylation regulates both general and gene-specific translation in mammalian cells (Figure 1) .
Importantly, ATF4 and its homologs are repressors of cAMP response element binding protein (CREB)-mediated gene expression, which is widely considered to be required for longlasting changes in synaptic plasticity and memory in diverse phyla (Bartsch et al., 1995; Chen et al., 2003) . Thus, eIF2a phosphorylation regulates two fundamental processes that are crucial for the storage of new memories: new protein synthesis and CREB-mediated gene expression via translational control of ATF4 mRNA. eIF2a Phosphorylation Is Critical for the Induction of Long-Lasting Changes in Synaptic Strength and Memory Stimuli that generate sustained, gene expression-dependent increases in synaptic strength, such as tetanic stimulation, treatment with brain-derived neurotrophic factor (BDNF), or the cAMP activator forskolin, decrease the phosphorylation of eIF2a (Costa-Mattioli et al., 2005; Takei et al., 2001) . Moreover, eIF2a phosphorylation is also reduced in rats trained in a Pavlovian (associative) fear conditioning task that induces gene expression-dependent long-term memory (Costa-Mattioli et al., 2007a) . Strikingly, genetic reduction of eIF2a phosphorylation in hippocampal slices from mice, either lacking GCN2 (the major eIF2a kinase in the mammalian brain) or heterozygous for an eIF2a mutation (that converts the phosphorylation site serine 51 to alanine), reduced the threshold for the induction of both L-LTP and learning in several behavioral tasks, such as the Morris water maze, associative fear conditioning, and conditioned taste aversion (Costa-Mattioli et al., 2005 , 2007a . In agreement with these data, preventing eIF2a dephosphorylation with Sal003, a pharmacological inhibitor of eIF2a phoshphatases, blocks both L-LTP and long-term memory formation. Furthermore, the impairment of L-LTP by Sal003 is mediated by ATF4, as late LTP induced in hippocampal slices from ATF4 knockout mice is resistant to Sal003 (Costa-Mattioli et al., 2007a) .
One question that remains to be addressed is the molecular mechanisms by which GCN2 is modulated in response to neuronal activity. It is possible that activity-dependent changes in synaptic strength increase amino acid import into the neurons and thereby inactivate GCN2 through the conventional mechanism, which depends on the extent of tRNA charging with amino acids (Hinnebusch et al., 2007) . Indeed, in the anterior piriform cortex, like in yeast, GCN2-mediated eIF2a phosphorylation is regulated by the levels of uncharged tRNAs (Hao et al., 2005; Maurin et al., 2005) . Alternatively, it is possible that L-LTP inducing protocols boost the levels of IMPACT, a GCN2 inhibitor, which is enriched in the mammalian brain (Pereira et al., 2005) .
The data summarized above strongly support the idea that eIF2a phosphorylation plays a key role in the expression of genes required for long-lasting synaptic plasticity and memory consolidation. Thus, translational regulation is a key regulator of the transcriptional activation program that is required to form long-term memories.
Regulation of mTOR and Its Downstream Effectors: 4E-BP, S6K1, S6K2, and TOP mRNAs Although eIF4F complex assembly is regulated via several modes, the best-characterized mechanism is through interaction with members of a family of small molecular weight proteins, the eIF4E-binding proteins (4E-BPs). 4E-BP1 and 4E-BP2, which share 56% identity, were first identified as eIF4E-binding proteins by Far-Western interactions . The third member of the family, 4E-BP3, was discovered later (Poulin et al., 1998) . The 4E-BPs specifically inhibit cap-dependent translation initiation in vitro and in vivo by preventing the assembly of the eIF4F complex and, consequently, ribosome recruitment to the mRNA (Haghighat et al., 1995; Pause et al., 1994) . 4E-BPs and eIF4G share a canonical eIF4E-binding site (YXXXXLF, where X is any amino acid and F is a hydrophobic amino acid), through which they compete for binding to the convex dorsal surface of eIF4E Marcotrigiano et al., 1999) . 4E-BP1 (the best-characterized 4E-BP) binding to eIF4E is regulated by phosphorylation on serine and threonine residues Pause et al., 1994) . Hypophosphorylated 4E-BPs bind with high affinity to eIF4E and preferentially inhibit translation of a subset of mRNAs, many of which contain G + C rich and highly structured 5 0 UTRs (Gingras et al., 1999b) . In contrast, hyperphosphorylated 4E-BPs bind with low affinity to eIF4E and thus can no longer inhibit translation (Beretta et al., 1996; Pause et al., 1994) . Many kinds of extracellular stimuli, such as serum, growth factors, or hormones (e.g., insulin), promote the phosphorylation of 4E-BPs (Gingras et al., 1999b) . The major protein kinase that phosphorylates 4E-BPs is the mammalian target of rapamycin (mTOR) (Figure 2 ) (Hay and Sonenberg, 2004) . mTOR is a critical downstream target of the phosphatidylinositol-3 kinase (PI3K) signaling pathway. PI3K phosphorylates the membrane-bound phospholipid, phosphatidylinositol-4,5-bisphosphate (PIP2), converting it to phosphatidylinositol-3,4,5-trisphosphate (PIP3), which then recruits Akt to the membrane where it is phosphorylated and activated by PI3K-dependent kinase 1 (PDK1) and mTORC2 (see below) (Sabatini, 2006) ( Figure 2 ; see below). Akt activates mTOR via phosphorylation and inhibition of the TSC2 subunit of the tuberous sclerosis complex (TSC). TSC is a heterodimer consisting of TSC1 (hamartin) and TSC2 (tuberin). TSC2 is a GTPase-activating protein (GAP), which hydrolyzes the GTP bound to the small G protein Ras-homolog enriched in brain (Rheb). When TSC2 is phosphorylated, its GAP activity is decreased, resulting in Rheb and mTOR activation (Hay and Sonenberg, 2004) (Figure 2 ). In Drosophila, AKT may also activate TOR by additional pathways, as nonphosphorylatable TSC can rescue the growth phenotype seen in TSC mutants (Dong and Pan, 2004) . In addition to the dominant PI3K signaling pathway described above, the extracellular signal-regulated kinase (ERK) can activate mTOR under certain conditions (Figure 2 ). ERK phosphorylates and activates p90S6K (RSK), which in turn can phosphorylate and activate PDK1 (Frodin et al., 2000) . ERK can also impact mTOR function further downstream by phosphosphorylating TSC2 either directly or indirectly via RSK Roux and Blenis, 2004) . The ERK signaling pathway to mTOR appears 
mTOR Complex 1 and mTOR Complex 2 Signaling Network
The mTOR kinase is a component of two distinct multiprotein complexes called mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). In addition to mTOR, mTORC1 contains RAPTOR, mLST8, and PRAS40. mTORC1's activity is modulated by the PI3K/Akt signaling pathway. Akt phosphorylates and inhibits TSC2, which leads to activation of Rheb, which in turns activates mTORC1. Akt also phosphorylates PRAS40. mTORC1 activation releases mTORC1 from PRAS40 repression and leads to phosphorylation of 4E-BPs and S6K. mTORC2 contains mLST8, RICTOR, mSIN1. The best-characterized substrate of mTORC2 is the AKT kinase.
to be particularly important in the hippocampus, as activation of downstream mTORC effectors by different stimulation paradigms (forskolin, high-frequency stimulation, mGluR agonists, etc.) are partially or completely blocked by both PI3K and ERK inhibitors Kelleher et al., 2004b; Tsokas et al., 2005) . mTOR can form two distinct complexes. One complex termed mTORC1 contains Raptor and LST8/GbL and is sensitive to the drug rapamycin (a macrolide that binds mTORC1 as a complex with the immunophilin FKBP12) (Figure 2 ). mTORC1 phosphorylates its target proteins through their recruitment by the adaptor protein Raptor. These substrates possess a conserved TOR signaling motif (TOS) that mediates binding to Raptor. Rapamycin decreases mTOR-Raptor interactions, thereby preventing mTORC1 from phosphorylating its targets proteins (Kim et al., 2002; Oshiro et al., 2004) (Figure 2 ). In addition to 4E-BPs, other substrates of mTORC1, such as S6K1, S6K2, and PRAS40, have been documented (Sabatini, 2006; Sancak et al., 2007; Vander Haar et al., 2007) (Table 1) . mTORC1 specifically regulates the translation of a subset of mRNAs that contain extensive secondary structure at their 5 0 UTR or an oligopyrimidine tract in their 5 0 end (TOP mRNAs) (Ruvinsky and Meyuhas, 2006). The latter mRNAs largely encode components of the translational machinery itself, including ribosomal proteins and elongation factors. The TOP sequence represses translation, and this repression is removed in an mTORC1-dependent manner via a mechanism that has yet to be identified.
The second mTOR complex (mTORC2), which contains LST8/ GbL and Rictor instead of Raptor, is typically rapamycin insensitive and phosphorylates Akt/PKB and several PKC isoforms (Hara et al., 2002; Jacinto et al., 2004; Kim et al., 2002; Loewith et al., 2002; Sarbassov et al., 2004) (Figure 2 ). Importantly, while rapamycin specifically inhibits mTORC1 after a short treatment, prolonged treatment with rapamycin also blocks mTORC2 activity (Sarbassov et al., 2006) . The mTOR Signaling Pathway Is Important for Synaptic Plasticity Both L-LTP and mGluR-LTD-inducing stimulation triggers the phosphorylation of mTOR downstream targets, 4E-BPs and S6K1/2, which is correlated with an increase in the translation of a number of TOP mRNAs Kelleher et al., 2004a; Tsokas et al., 2005; Antion et al., 2008a) . The involvement of mTORC1 in neuronal plasticity is evolutionarily conserved, as induction of long-term facilitation in the invertebrate Aplysia also triggers the phosphorylation of S6 kinase and 4E-BP as well as the translation of TOP mRNAs (Carroll et al., 2004 (Carroll et al., , 2006 Khan et al., 2001) . Immunocytochemical studies have shown that all of these changes also occur locally in dendrites (Cammalleri et al., 2003; Carroll et al., 2004; Gobert et al., 2008; Tsokas et al., 2005) .
Rapamycin blocks both long-lasting synaptic changes and memory consolidation in mammals in a number of behavioral tasks (Dash et al., 2006; Tang et al., 2002; Tischmeyer et al., 2003) , as well as long-term changes in plasticity in Aplysia (Casadio et al., 1999; Hu et al., 2006) . What downstream targets of mTORC1 are important for plasticity? 4E-BP2 is the major 4E-BP isoform present in the adult brain (Banko et al., 2005) . 4E-BP2 knockout mice display impaired L-LTP and spatial learning in both Morris water maze and contextual fear conditioning (Banko et al., 2005) . Other types of memory impacted by the deletion of 4E-BP2 include motor memory, working memory, and associative memory for aversive taste (Banko et al., 2007) . However, although these studies demonstrate the importance of 4E-BP2 in these processes, they do not show that the requirement for mTORC1 is mediated by 4E-BP2 regulation.
mTOR downstream targets S6K1 and S6K2 are also involved in memory formation. Although L-LTP is normal in hippocampal slices from either S6K1-or S6K2-deficient mice, they exhibit an early-onset contextual fear memory deficit within 1 hr of training, a deficit in conditioned taste aversion (CTA), and impaired spatial learning and memory in the Morris water maze (Antion et al., 2008b) . S6K2-deficient mice exhibit decreased contextual fear memory 7 days after training, a reduction in latent inhibition of CTA, but normal spatial learning in the Morris water maze. Because S6K1 and S6K2 can functionally compensate for one other, it would be pertinent to study mice with a deletion in both S6K1 and S6K2 to obtain a better understanding of the role of S6Ks in long-lasting synaptic plasticity and long-term memory.
Upstream effectors of mTORC1 are also implicated in longlasting forms of synaptic plasticity and memory. Recent evidence supports the notion that regulation of mTORC1 activity is critical for activity-dependent changes in synaptic strength and memory. TSC2 +/À heterozygous mice, in which the mTORC1 signaling pathways is constitutively active, exhibit a lowered threshold for the induction of L-LTP and impaired hippocampus-dependent memory similar to the GCN2 and 4E-BP2 knockout mice (Banko et al., 2005; Costa-Mattioli et al., 2005; Ehninger et al., 2008) . Remarkably, rapamcyin treatment reversed the facilitated L-LTP and rescued the memory impairment in TSC2 +/À heterozygous mice (Ehninger et al., 2008) . Consistent with these findings, TSC1 +/À mice also exhibit hippocampusdependent learning impairments and abnormal social behavior (Goorden et al., 2007) . It would be important to determine whether, as was the case for TSC2 +/À mice, rapamcyin rescues the learning and social deficit in TSC1 +/À mice. These data conform to the idea that proper control of mTORC1 signaling is crucial for long-lasting synaptic plasticity and memory consolidation because either inhibiting (rapamycin) or activating (TSC2 +/À and TSC1 +/À mice) mTOR leads to memory impairments. Since loss of TSC1 and TSC2 leads to an activation of the unfolded protein response (Ozcan et al., 2008) , an attractive, but merely speculative hypothesis would be that the memory impairment in TSC1 +/À and TSC2 +/À mice is due to abnormally elevated eIF2a phosphorylation levels.
Translational Control by eIF4E Phosphorylation eIF4E is phosphorylated at a single site, Ser209 in mammals (Joshi et al., 1995; Whalen et al., 1996) , by MAPK signal-integrating kinase/MAPK-interacting kinase 1 and 2 (Mnk1/2) (Fukunaga and Hunter, 1997; Pyronnet et al., 1999; Waskiewicz et al., 1997) (Table 1) . Mnk-dependent phosphorylation decreases the affinity of eIF4E for the cap structure by $4-fold Zuberek et al., 2003) . Mnk1/2 binds to the C-terminal region of eIF4GI and eIF4GII, which serves as a docking site, to phosphorylate eIF4E. In general, the phosphorylation of eIF4E is tightly correlated with the rate of translation, which may be due to the fact that eIF4E association with eIF4G (and thus with eIF4G bound Mnk) is also correlated with the rate of translation (Table 1) . However, the molecular mechanism by which eIF4E phosphorylation affects translation remains controversial . When eIF4E phosphorylation is increased in response to overexpression of Mnks in Aplysia, there is a reduction in capdependent translation (Ross et al., 2006) . Also, increased dosage of Mnk (LK6) in Drosophila caused a reduction of growth (Reiling et al., 2005) . Blocking Mnk activity either pharmacologically or genetically did not affect overall protein synthesis (Ueda et al., 2004; Morley and Naegele, 2002) .
Given that eIF4E phosphorylation is evolutionarily conserved, it is noteworthy that a reduction of eIF4E phosphorylation does not impact general translation rates. However, regulation of eIF4E phosphorylation is important under certain conditions. For instance, flies lacking Mnk grew poorly under starvation conditions (Arquier et al., 2005) and constitutively activated MNK1 expression in a lymphoma model promoted tumorigenesis, and a dominant-negative MNK exhibited an opposite effect (Wendel et al., 2007) . The finding that eIF4E phosphorylation is required under certain conditions could be explained by the hypothesis that translation of some specific mRNAs are more dependent on eIF4E phosphorylation than the translation of bulk mRNAs. However, the identity of the mRNAs that are translationally controlled by eIF4E phosphorylation remains to be determined.
Induction of both LTP and mGluR-LTD leads to increased eIF4E phosphorylation via ERK-dependent activation of Mnk I (Banko et al., 2006; Kelleher et al., 2004a) , consistent with the requirement of ERK for translational-dependent forms of plasticity and learning (Kelleher et al., 2004a) . However, the evidence that eIF4E phosphorylation is the critical step that is dependent on ERK is only correlative. Moreover, in the nervous system, ERK appears to be required not only for eIF4E phosphorylation but also for activation of mTOR signaling (Kelleher et al., 2004a) .
Translational Control by IRES
In general, ribosome recruitment to the mRNA is facilitated by the 5 0 -cap structure that is present on all nuclear transcribed eukaryotic mRNAs (Shatkin, 1985) . The cap structure is separated from the initiation codon, which is usually the first AUG (or its cognate) triplet downstream of the 5 0 end, by 50-100 nucleotides (Gingras et al., 1999a; Pestova et al., 2001) .
In an alternative and less frequent process, the recruitment of the ribosome to the mRNA is independent of the cap structure, but it is instead mediated by an IRES. IRES-mediated translation was first discovered in picornaviruses (Doudna and Sarnow, 2007) , where the viral RNA is uncapped and contains long 5 0 UTRs (>400 nucleotides), which are highly structured and act as barriers for scanning ribosomes. Thus, the ribosome is directly recruited to the 5 0 UTR of mRNA via direct interaction or the IRES provides sites for interaction with specific eIFs, such as the eIF4 group of initiation factors that recruit the ribosome.
IRES-mediated translation is not restricted to viral RNAs since some cellular mRNAs also contain IRESes (Elroy-Stein and Merrick, 2007) . Cellular IRESes were identified in the 5 0 UTR of mRNAs encoding proteins which need to be synthesized under stress condition such as apoptosis, virus infection, hypoxia, nutrient deprivation, etc., where cap-dependent translation is impaired (Holcik and Sonenberg, 2005) .
Since IRES-driven translation allows for the control of translation of specifics mRNAs, it is possible that neurons could use this mechanism to upregulate the translation of a subset of mRNAs during a learning experience. Consistent with this idea, some mRNAs that are transported to dendrites appear to exhibit IRES activity (Pinkstaff et al., 2001) . In Aplysia bag cell neurons, a decrease in eIF4E phosphorylation is associated with an increase in translation of a neuropeptide mRNA that has an IRES in its 5 0 UTR (Dyer et al., 2003) . Notably, during facilitation induced by continuous, as opposed to spaced, application of serotonin, a decrease in eIF4E phosphorylation correlated with a decrease in cap-dependent translation (Dyer and Sossin, 2000; Yanow et al., 1998) . However, no mRNAs have been identified that are specifically upregulated through an IRESdependent mechanism at this time.
Translational Regulation by Elongation Factors
Although initiation is usually the rate-limiting step in translation, elongation can also be regulated (Herbert and Proud, 2007) . The major mechanism for regulating elongation is phosphorylation of eEF2 by the eEF2 kinase (Table 1) . eEF2 kinase is regulated by calcium/calmodulin and thus by neuronal activity (Herbert and Proud, 2007) . Indeed, miniature excitatory postsynaptic potentials (mini EPSPS), caused by the spontaneous release of neurotransmitter, have been demonstrated to inhibit local translation through activation of eEF2 kinase (Sutton et al., 2007) . In turn, eEF2 kinase can be inhibited through phosphorylation by S6 kinase (Herbert and Proud, 2007) . These findings serve as the basis for an attractive model for establishing synapse specificity of translation, because calcium entry would inactivate translation at all synapses but could be reversed by mTORC1 activation at specific synapses. mTOR-and calcium-dependent regulation of eEF2 is conserved in Aplysia (Carroll et al., 2004) .
While phosphorylation of eEF2 causes a decrease in general translation, it appears that it is also able to promote the translation of some mRNAs (Chotiner et al., 2003; Park et al., 2008) . The exact molecular mechanism underlying this regulation is not clear. One idea is that the block of elongation frees up a ratelimiting initiation factor (such as eIF4E) that then allows initiation on poorly translated mRNAs (Brendler et al., 1981; GodefroyColburn and Thach, 1981; Scheetz et al., 2000; Walden et al., 1981) . Indeed, blocking elongation by another mechanism, using low concentrations of cycloheximide (an inhibitor of peptide bond formation), also appears to cause the upregulation of some neuronal mRNAs (Scheetz et al., 2000; Park et al., 2008) . Translational control by eEF2 phosphorylation appears to be particularly important in mGluR-LTD, where two mRNAs encoding the proteins Arc/Arg3.1 and MAP-1B are translationally activated in an eEF2 kinase-dependent manner (Davidkova and Carroll, 2007; Park et al., 2008) . Interestingly, in both eEF2 kinase and Arc/Arg3.1 knockout mice, mGluR-LTD is impaired (Park et al., 2008) .
A number of studies have documented an elevation in the levels of the elongation factors eEF1A and eEF2 after synaptic activity in both mammals and Aplysia that likely occurs via translation of mRNAs possessing a TOP sequence at the 5 0 end (Antion et al., 2008a; Giustetto et al., 2003; Huang et al., 2005; Tsokas et al., 2005) . However, it is not clear whether the levels of eEF1A are rate limiting for elongation (Condeelis, 1995) . An increase in eEF1A may be important due to an additional role outside of translation. Indeed, eEF1A is a major regulator of the actin cytoskeleton independent of its role in translational control (Gross and Kinzy, 2005) .
Local Protein Synthesis and Synaptic Plasticity
There is general agreement that the late phase of LTP, which is induced with electrical or chemical stimulation, is dependent on new gene expression, as it is blocked by both transcription and translation inhibitors (for reviews see Costa-Mattioli and Sonenberg, 2008; Kandel, 2001; Kelleher et al., 2004b; Klann and Dever, 2004; Sutton and Schuman, 2006) . Because major components of the protein synthesis machinery, including ribosomes, translation factors, and mRNAs, are present in dendrites and dendritic spines (Steward and Schuman, 2001; Sutton and Schuman, 2006) , it was also posited that long-lasting plasticity could be engendered through the activation of local protein synthesis, i.e., protein synthesis in dendrites without the requirement for transcription in the neuronal soma. Indeed, there are hundreds of distinct mRNAs present in isolated hippocampal dendrites (Eberwine et al., 2001; Miyashiro et al., 1994; Poon et al., 2006) . Evidence that local protein synthesis is required for long-lasting synaptic plasticity was first provided by Kang and Schuman (Kang and Schuman, 1996) . They demonstrated that BDNF could induce LTP that was blocked by protein synthesis inhibitors even when pre-and postsynaptic pyramidal neurons were severed from their somas (Kang and Schuman, 1996) . Recently, it was shown that other forms of synaptic plasticity require dendritic translation: mGluR-LTD and L-LTP induced by pairing E-LTPinducing stimulation (normally protein synthesis independent) with activation of b-adrenergic receptors are dependent on local dendritic protein synthesis, but not on new gene expression (Gelinas and Nguyen, 2005; Huber et al., 2000) .
Moreover, there are several examples where dendritic, protein synthesis-dependent gene expression-independent LTP can be induced with patterns of electrical stimulation that differ from those conventionally used to induce L-LTP (Cracco et al., 2005; Vickers et al., 2005) . Even under standard L-LTP stimulation paradigms, pharmacological and genetic evidence indicates that translation inhibitors impact L-LTP at an earlier temporal window than transcription inhibitors (Banko et al., 2005; Kelleher et al., 2004a) . These data suggest that L-LTP has an early component that is transcription independent but likely dendritic and translation dependent and a late phase that is somatic, requiring both transcription and translation. Even the gene expression-dependent phase may require local translation of the newly synthesized mRNAs since L-LTP was reduced with local, dendritic application of a protein synthesis inhibitor (Bradshaw et al., 2003) .
In mollusks, there is also a well-characterized translationdependent, transcription-independent form of memory (Sangha et al., 2003; Sutton et al., 2001 ). This form of memory is often termed intermediate-term memory (ITM), although it is noteworthy that not all forms of ITM require translation (Sutton et al., 2001; Yin et al., 1994) . Translation-dependent forms of memory are regulated locally and often do not require the cell soma (Liu et al., 2003; Martin et al., 1997; Sherff and Carew, 2004) .
Local translation is also required to stabilize new synapses in Aplysia that are formed after learning (Casadio et al., 1999; Martin et al., 1997) . Rapamycin-sensitive activation of local translation is stimulated by a single 5 min application of serotonin, but the stabilization occurs between 24 and 72 hr after this application, suggesting a sustained upregulation of translation after a transient signal. Indeed, inhibition of local protein synthesis starting 24 hr after induction selectively removes the new synapses, leaving previously formed synapses intact (Miniaci et al., 2008) . A proposed mechanism for this prolonged plasticity is the translational upregulation of cytoplasmic polyadenylation element binding protein (CPEB), which in a prion-like manner remains activated for a prolonged period of time, upregulating translation locally in dendrites . However, this interpretation is not entirely consistent with the requirement for continued local synthesis of CPEB even 48 hr after induction (Miniaci et al., 2008) . Instead, it appears that CPEB is part of a positive-feedback mechanism required for the increased translation needed to stabilize the new synapses. Another possibility is that the increase in translation of TOP mRNAs, an abundant fraction of the mRNAs present at Aplysia processes, could contribute to the persistent long-term increase in translation required to stabilize new synapses (Khan et al., 2001; Moccia et al., 2003) .
Translation of Transported mRNAs
Local translation depends on transport of mRNAs from the cell body to distal sites. In neurons, transport of mRNAs to dendrites has a major impact on their translational regulation. Below we discuss the contribution of RNA-binding proteins (RBPs) to translation repression and mRNA transport. During mRNA transport to dendrites, translation is repressed by RBPs. For translation to be activated at local sites, such a repression needs to be removed, raising the possibility that this could be a rate-limiting step in translational control at local sites. A number of translational inhibitors have been implicated in this step, including fragile X mental retardation protein (FMRP), CPEB, Zip code binding protein/insulin-like growth factor binding protein 1 (ZBP/IMP1), hnRNPA2 and RNA Granule 105 (see below). A well-documented study of translational repression during mRNA transport, which serves as an excellent paradigm, is that of b-actin mRNA translation. In mammalian neurons, ZBP1 inhibits translation of b-actin mRNA during sorting to growing neurites. Phosphorylation of ZBP1/IMP1 by Src reduces its RNA-binding affinity and relieves translational repression (Huttelmaier et al., 2005) .
It should also be noted that recent reports have demonstrated splicing to occur in dendrites (Glanzer et al., 2005) . Thus, transport of an intron-containing mRNA followed by dendritic splicing is another example of local translational control. FMRP An important translational repressor in the brain is FMRP. Mutations causing a loss of FMRP result in fragile X mental retardation, which is the most common inherited disease causing mental retardation (Turner et al., 1996) . This disorder is in most cases caused by the expansion of the trinucleotide sequence CGG in the 5 0 UTR of the FMR1 gene on the X chromosome, which leads to hypermethylation and silencing of the FMR1 gene. FMRP binds to a subset of mRNAs encoding proteins involved in synaptic plasticity and development and inhibits their translation .
The strongest evidence for a role of FMRP in mRNA repression is based on genetic models (flies and mice lacking FMRP) (Bolduc et al., 2008; Dolen et al., 2007) . In these animals, the translation of mRNAs to which FMRP binds is thought to be derepressed because protein levels encoded by the FMRP-binding mRNAs are increased Garber et al., 2006) . Indeed, in fragile X mutant flies, an excess in protein synthesis causes an impairment in memory (Bolduc et al., 2008) . Many mRNA targets of FMRP are transported normally in FMRP knockout mice (Steward et al., 1998a) ; however, the number of mRNA granules is reduced (Aschrafi et al., 2005) . This may be due to the precocious disruption of the granules and translational activation of their mRNAs in the absence of FMRP.
The precise mechanism by which FMRP represses translation of target mRNAs remains unresolved (Bagni, 2008; Iacoangeli et al., 2008a Iacoangeli et al., , 2008b . One model posits that FMRP regulates translation of its target mRNAs via interaction with the noncoding neuronal RNA BC1 (Zalfa et al., 2003) . The binding to BC1 may enhance FMRP functions in a number of ways; such as increasing binding to target mRNAs or inhibiting eIF4A, and thus represses translation initiation of mRNAs harboring a structured 5 0 UTR (Lin et al., 2008; Wang et al., 2002) . Recently, Napoli et al. provided evidence that FMRP represses translation initiation via interaction with CYFIP1/Sra-1, a newly identified neuronal eIF4E-binding protein. CYFIP1/Sra-1 competes with eIF4G for binding to eIF4E in a manner similar to 4E-BPs, although not through a canonical eIF4E-binding site (Napoli et al., 2008) .
In contrast to a block of translation initiation through BC1 or CYFIP1/Sra-1, an alternative model posits that FMRP acts at a postinitiation step because it associates with functional polyribosomes (Stefani et al., 2004) . FMRP phosphorylation is reported to affect its translational activity. Phosphorylated FMRP cosediments with stalled ribosomes, whereas nonphosphorylated FMRP associates with actively translating ribosomes (Ceman et al., 2003) . S6K1 phosphorylates FMRP on a conserved serine residue required for mRNA binding, and FMRP phosphorylation was abolished at this site in S6K1 knockout mice or following rapamycin treatment (Narayanan et al., 2008) . In both S6K1 and FMRP knockout mice, the levels of SAPAP3, a FMRP target mRNA, were increased. Thus, S6K1 activation, normally thought to be an activator of translation, appears to be required to repress translation of some FMRP target mRNAs.
A number of the FMRP-regulated target mRNAs encode proteins that play a role in a form of LTD induced by activation of group I mGluR receptors (Volk et al., 2007) . As mentioned earlier, this form of LTD requires local protein synthesis (Huber et al., 2000) . Interestingly, in FMRP knockout mice, mGluR-LTD is enhanced and no longer requires protein synthesis Huber et al., 2002; Nosyreva and Huber, 2006) . Thus, the proteins that are required for enhanced mGluR-LTD are presumably present before stimulation due to the loss of repression by FMRP. However, production of these proteins may still require other aspects of mGluR signaling, as many phenotypes of FMRP knockout mice are rescued when mGluR5 activity is reduced either genetically or with pharmacological inhibitors (Dolen et al., 2007; Yan et al., 2005) . Strikingly, a similar rescue has been observed in Drosophila, suggesting a strong evolutionary link between mGluR5 receptors and FMRP signaling (Pan et al., 2008) .
In agreement with the notion that S6K-dependent phosphorylation of FMRP is required for translation repression, mGluR LTD is enhanced in S6K2 and S6K1/2 double-knockout mice, although mGluR-LTD appears to be normal in S6K1 knockout mice (Antion et al., 2008a) . Similar to FMRP knockout mice, enhanced mGluR-LTD in S6K2 knockout mice is resistant to protein synthesis inhibition (Antion et al., 2008a) .
If the major mechanism by which FMRP inhibits translation of its targets is through BC1 RNA, then one would expect that BC1 knockout mice would also exhibit protein synthesis-independent enhanced mGluR LTD. This question remains to be examined.
Although protein synthesis is required for mGluR-LTD-induced plasticity, it is not sufficient, because the elicitation of LTD is dependent on mGluR receptor stimulation even when the proteins (such as Arc and MAP1B) are already present. Also, it suggests that local protein synthesis is important for regulating protein levels, and these levels are only rate limiting under certain conditions. For example, manipulations of the proteasome system can lead to a switch from protein synthesis-dependent plasticity to protein synthesis-independent plasticity by regulating the basal level of important proteins normally produced by local synthesis (Fonseca et al., 2006; Karpova et al., 2006) . CPEB CPEB is an established translational repressor in Xenopus oocytes where translation of many mRNAs is dormant due to the lack of a polyA tail. CPEB binds to well-defined sites, often located close to the poly-A addition site (Richter, 2007) . Significantly, the number and position of the CPE and the Pumiliobinding elements on the mRNA determine whether an mRNA is translationally repressed by CPEB (Pique et al., 2008) . In neurons, CPEB not only represses translation but also contributes to the transport of mRNAs containing a CPEB-binding site (Huang et al., 2003) . At synapses, neuronal activity can activate CPEB phosphorylation leading to an increase in the length of the polyA tail and mRNA translation (Huang et al., 2002; . In addition, expression of a dominant-negative of CPEB that lacks the phosphorylation sites blocks a protein synthesis-dependent form of LTD in the cerebellum (McEvoy et al., 2007) .
Whereas in late-stage oocytes, translational repression by CPEB is due to its binding to the eIF4E-binding protein Maskin, the eIF4E-binding region of Maskin is not present in mammals. However, other proteins can simultaneously bind to both CPEB and eIF4E, such as neuroguidin, that may act in a manner similar to Maskin (Jung et al., 2006) . In Aplysia, translation of CPEB at synapses is required for activation of local translation and engendering a long-term form of synaptic plasticity . CPEB is also required for long-term memory formation in Drosophila (Keleman et al., 2007) . Additional RBPs and Modes of RNA Transport Are Candidates for Regulation of Plasticity Other RBPs have been implicated in the repression of translation of transported mRNAs. RNA granule 105 is a translational repressor found in RNA granules, and its removal is coupled to translational activation (Shiina et al., 2005) . hnRNP-A2 binds to many of the important transported mRNAs, including Arc/ Arg3.1 and aCaMKII, and regulates their transport (Gao et al., 2008; Shan et al., 2003) .
While the repression by mRNA-binding proteins is essential for the regulation of translation of transported mRNAs, the type of transport structure may also be critical. There are a number of distinct types of transport complexes used in neurons, and the mechanisms of repression in the different complexes are probably distinct (Sossin and DesGroseillers, 2006) . Thus, if mRNAs are transported in mRNA granules containing stalled polysomes, translation would be blocked at the elongation step. It should be stressed that at the present time the evidence that mRNA granules contain stalled polysomes, as opposed to coaggregations of mRNAs and ribosomes, is solely based on the molecular composition of these structures (Elvira et al., 2006; Krichevsky and Kosik, 2001 ). In contrast, if mRNAs are transported in RNA particles, without polysomes, translation would be blocked at the initiation step. It is not clear whether the repression of mRNA-binding protein determines the type of transport mechanism or whether there are other factors involved in this process. Many RBPs, such as FMRP, are found in both RNA granules and in RNA particles and thus probably additional proteins regulate the type of structure FMRP-bound mRNAs are present on (Zalfa et al., 2006) . A significant RBP implicated in transport, as opposed to translational repression, is Staufen, first identified as being required for RNA localizaton in Drosophila oocytes (St Johnston et al., 1991) . Staufen has been particularly implicated in neuronal mRNA transport (Krichevsky and Kosik, 2001) . A dominant-negative form of Staufen reduced overall transport of mRNAs to dendrites (Tang et al., 2001 ). In addition, treatment of hippocampal neurons with siRNA against Staufen1, one of two isoforms of Staufen in mammals, blocks L-LTP without affecting E-LTP (Lebeau et al., 2008) . The role of Staufen in synaptic plasticity appears to be evolutionarily conserved, as reducing levels of Staufen in Aplysia also blocks LTF (Liu et al., 2006) . In addition, a Staufen mutant exhibited impaired memory in Drosophila (Dubnau et al., 2003) . Whether the requirement of Staufen for L-LTP is due to the loss of mRNA transport or to other actions of Staufen in translational regulation remains to be determined (Sossin and DesGroseillers, 2006) .
Translational Regulation by miRNAs
The discovery of microRNAs (miRNAs) has revolutionized the biology field. miRNAs are a family of small RNAs ($21 nucleotides long) that regulate as much as 50% of all gene expression posttranscriptionally, in different phyla (Bushati and Cohen, 2007) . Mammalian miRNAs are encoded by monocystronic and polycistronic gene clusters sometimes found within intronic regions of noncoding genes. RNA polymerase II transcribes long-miRNA precursors (pri-miRNA). pri-miRNAs are first processed in the nuclei by the RNase III enzyme Drosha: cleavage by Drosha results in a 70 nucleotide long RNA stem loop, termed premiRNA. Following export to the cytoplasm, pre-miRNAs are further processed by Dicer into miRNA duplexes $21 nucleotides long. Following cleavage by Dicer, one strand, termed the guide strand, is incorporated into an RNA-induced silencing complex (RISC), a complex that consists of proteins crucial for silencing the target mRNA. The molecular mechanism by which miRNAs silence the expression of their target mRNAs remains unclear. Evidence to support several disparate mechanisms has been reported: (1) inhibition of translation elongation, (2) inhibition of translation initiation, (3) ribosome drop-off, (4) cotranslational protein degradation, and (5) mRNA degradation (Eulalio et al., 2007; Filipowicz et al., 2008; Jackson and Standart, 2007) . In addition, the interaction of the p-body marker protein GW182 with Argonaute appears to be essential for both miRNA-mediated translational repression and mRNA decay in Drosophila cells (Eulalio et al., 2008) . miRNA-Mediated Control of Synaptic Plasticity The brain contains many miRNAs (Kosik, 2006) . In mammals, conditional ablation of essential components of the miRNA machinery appears to be critical for brain function. For example, inactivation of Dicer in forebrain, Purkinje, and dopaminergic neurons results in microcephaly, progressive neurodegeneration, and increased apoptosis and neurodegeneration, respectively (Davis et al., 2008; Hebert and De Strooper, 2007; Kim et al., 2007; Schaefer et al., 2007) .
Because miRNAs regulate translation of its target mRNAs, it is highly likely that this tool is used for gene-specific regulation of translation in dendrites (Kosik, 2006) . It has been recently suggested that even processing of miRNAs can occur in dendrites (Lugli et al., 2005 (Lugli et al., , 2008 . In Drosophila, during olfactory conditioning, local translational upregulation of CAMKII is due to a decrease in miRNA-mediated repression (Ashraf et al., 2006) . Proteolysis of a component of the RISC complex appears to explain the removal of repression. This miRNA-binding site is conserved in vertebrates and thus may represent a conserved mechanism (Ashraf et al., 2006) . In mammalian hippocampal neurons, the brain enriched miRNA 134 inhibits translation of Limk1 (a protein involved in spine development), thus blocking excitatory synaptic transmission and the size of dendritic spines. Neuronal activity such as BDNF treatment derepressed the miR-134-mediated translation inhibition of Limk1 mRNA (Schratt et al., 2006 ).
Plasticity-Induced Proteins
A question that has been raised persistently but not answered satisfactorily is the identity of the proteins that are synthesized following the induction of LTP and LTD that are important for plasticity. Two prominent proteins that are thought to be upregulated locally are aCa 2+/ calmodulin-dependent protein kinase II (aCaMKII) (Ouyang et al., 1999) and PKMz (Osten et al., 1996) . What is particularly interesting about these two proteins is that they both have the potential to stabilize L-LTP via positive, feedforward mechanisms. For example, L-LTP inducing stimulation increases the phosphorylation of CPEB in a CaMKII-dependent manner, triggering CPE-mediated protein synthesis (Atkins et al., 2004) . Because phosphorylation of CPEB increases polyadenylation of aCaMKII mRNA and synthesis of aCaMKII in neurons in response to NMDA receptor stimulation (Wells et al., 2001; Wu and Bag, 1998) , it is possible that a persistent increase in the levels of aCaMKII could be maintained following induction of L-LTP. Similarly, there is a requirement for protein kinase Mz (PKMz) activity for the synthesis of new PKMz during LTP (Kelly et al., 2007) . Remarkably, application of a peptide that blocks PKMz inhibits both L-LTP maintenance and memory storage (Pastalkova et al., 2006; Shema et al., 2007) . The details of the positive PKMz feedforward loop and whether genetic deletion of PKMz leads to impaired L-LTP maintenance and memory storage remain to be established. Probably, one of the best-characterized LTP-induced proteins is Arc/Arg3.1, which is quickly synthesized after learning, and its mRNA travels down dendrites and is localized to active synapses, as is the translated protein (Steward et al., 1998b) . L-LTP is impaired in Arc/Arg3.1 knockout mice , and Arc/Arg3.1 may play a role in cytoskeletal rearrangements underlying L-LTP (Messaoudi et al., 2007) . Another major role for Arc/ Arg3.1 is in the endocytosis of AMPA receptors associated with LTD and the homeostatic response of neurons (Chowdhury et al., 2006; Rial Verde et al., 2006) . Indeed, reducing Arc/Arg3.1 mRNA levels blocks mGluR-LTD (Park et al., 2008; Waung et al., 2008) . The gene encoding Arc/Arg3.1 has several introns following the exon, which contains the natural stop codon (Giorgi et al., 2007) . This configuration is rare, as it constitutes a signal for triggering nonsense-mediated decay (NMD) response, a qualitycontrol process in which the mRNA is destabilized by the presence of a premature termination codon (Amrani et al., 2006) . Notably, eliminating this pathway in neurons leads to increased synaptic strength, although overexpressing Arc/Arg3.1 decreases synaptic strength, suggesting that NMD is used in neurons to regulate levels of additional synaptic proteins as well (Giorgi et al., 2007) .
Another mRNA whose translation is linked to mGluR-LTD is the cytoskeletal MAP1B mRNA Davidkova and Carroll, 2007) . Notably, MAP1B is an FMRP target mRNA , mGluR-LTD triggers protein synthesisdependent increases in MAP1B , and basal levels of MAP1B are increased in FMRP knockout mice Hou et al., 2006) . Taken together, these data suggest that MAP1B and Arc/Arg3.1 are both attractive candidates for the critical proteins synthesized during mGluR-LTD (Davidkova and Carroll, 2007; Muddashetty et al., 2007; Weiler et al., 1997 
Neuron
Review Carroll et al., 2004; Huang et al., 2005; Khan et al., 2001; Ronesi and Huber, 2008; Tsokas et al., 2005 Tsokas et al., , 2007 . The increase in translation of 5 0 TOP mRNAs has been demonstrated directly using reporters in dendrites and can be attributed to TORdependent removal of TOP repression (Gobert et al., 2008) . Strikingly 5 0 TOP mRNAs are enriched in dendrites of hippocampal neurons (Poon et al., 2006) and neurites of Aplysia neurons (Moccia et al., 2003) . The increased levels of proteins encoded by 5 0 TOP mRNAs were demonstrated in dendrites as well as the neuronal soma (Antion et al., 2008a; Tsokas et al., 2005 Tsokas et al., , 2007 . Consistent with these data, proteomic studies examining mTORC1-dependent increases in BDNF-induced translation also identified 5 0 TOP mRNA encoded proteins as a major component of the translational response (Liao et al., 2007) . As mentioned earlier, 5 0 TOP mRNAs encode translation factors and ribosomal proteins and therefore could promote local protein synthesis-dependent synaptic plasticity in neurons by facilitating translation in response to specific patterns of activity and receptor activation at synapses. There is not yet a pharmacological or genetic mechanism to selectivity block mTORC1-mediated upregulation of 5 0 TOP mRNAs. A better understanding of the mechanism regulating 5 0 TOP mRNA translation will help to answer the question whether the translation of 5 0 TOP mRNAs is important for synaptic plasticity.
In Aplysia, a protein whose local translation appears to be important for plasticity is the neuropeptide sensorin . Sensorin is important for activation of ERK and consequently LTF (Hu et al., 2004) . Translation of sensorin may also play a role in the stabilization of new synapses, since local synthesis of sensorin plays a role in stabilization of initial synapse formation (Hu et al., 2007; Lyles et al., 2006) . Secreted factors are also attractive products of local translation in vertebrates. BDNF is important for late-LTP under some stimulation paradigms, and it has been reported that LTP becomes protein synthesis independent if BDNF is added exogenously (Pang et al., 2004) . Moreover, exogenous BDNF can also rescue some memories from protein synthesis inhibition (Bekinschtein et al., 2007) . However, mutations that abrogate transport of BDNF mRNA to dendrites cause a deficit in pruning and enlargement of dendritic spines, suggesting that the specific role of BDNF in dendrites is to regulate spine density and the ability to induce protein synthesisindependent forms of LTP . In contrast, the BDNF, which is important for late LTP, may be released from the presynaptic neuron, presumably from a regulated secretory vesicle (Zakharenko et al., 2003) .
Conclusions and Future Questions
Translational control has an enormous impact on synaptic plasticity and memory via the regulation of the synthesis of proteins that are critical for many aspects of these processes. Precise control of translation is important, because either enhancing or reducing activity of specific signaling pathways, such as mTORC1, causes memory deficits. One significant issue that has not been adequately addressed is whether translational control is more important for regulating translation of a subset of mRNAs or general translation. Several studies suggest that translational control is critical for specific transcripts. For example, in mammalian neurons, changes in eIF2a phosphorylation specifically regulate translation of ATF4 mRNA (CostaMattioli et al., 2005 (CostaMattioli et al., , 2007b . This process is conserved since in yeast levels of eIF2a phosphorylation that do not cause general inhibition of translation are sufficient for stimulation of Gcn4p synthesis (Hinnebusch et al., 2004; Hinnebusch and Natarajan, 2002) . Thus, a mild (physiological) change in eIF2a, which does not significantly alter translation rates of abundant mRNAs, is sufficient to affect ATF4 mRNA translation. It is noteworthy that in some studies extreme conditions were employed to strongly activate eIF2a kinases, resulting in a severe block to general translation initiation. Neurons would probably never experience such insults, except under pathological conditions such as hypoxia and stroke (DeGracia et al., 1997) , but weak levels of kinase activation are likely to be the rule (Dever, 2002) . Similar to translational control by eIF2a, phosphorylation of eEF2 inhibits general translation but paradoxically stimulates the translation of specific transcripts that appear to be important for mGluR-LTD (Park et al., 2008; Scheetz et al., 2000) .
Along similar lines, specific mRNAs regulated by 4E-BPs have not yet been identified in the nervous system. However, in mouse embryonic fibroblasts, 4E-BPs regulate translation of a subset of mRNAs, encoding protein involved in type-I interferon response (Colina et al., 2008) . Therefore, it is expected that in neurons 4E-BPs will regulate translation of specific mRNAs rather than general translation. Consistent with these data, rapamycin preferentially represses translation of a subset of mRNAs rather than general translation (Grolleau et al., 2002) . Thus, it is possible that the requirement for mTORC1 in plasticity entails translational control of specific mRNAs. Finally, miR-134 is thought to specifically regulate LimK1 mRNA translation and thus control synaptic development (Schratt et al., 2006) . In contrast, it was recently suggested that general translation may also be important for long-lasting processes. There is substantial evidence that LTP and LTD-inducing protocols activate the signaling pathways that control general translation Kelleher et al., 2004b; Tsokas et al., 2005; Banko et al., 2006) . However, whether learning leads to large increases in general translation remains to be determined. It is thought that an increase in 5 0 TOP mRNAs would lead to enhanced general translation.
Another unresolved issue is related to the time window in which protein synthesis is needed for memory consolidation. In general, the application of protein synthesis inhibitors around the time of training blocks long-term memory consolidation but does not alter already established memories. However, recent evidence suggests that there is more than one wave of protein synthesis during the memory consolidation process (Bekinschtein et al., 2007; Bourtchouladze et al., 1998) . In contrast, the stabilization of new synapses in Aplysia appears to require long-lived upregulation of protein synthesis for a prolonged period of time (Miniaci et al., 2008) . Therefore, three models could contribute to the role of protein synthesis in long-term memories: (1) a transient burst of protein synthesis probably in response to environmental cues or experiences, (2) multiple bursts of protein synthesis required for distinct windows after training, or (3) a persistent prolonged local increase in protein synthesis to support new growth.
In conclusion, we have described a relatively large number of specific mechanisms of translational control that are operating in neurons. In the coming years, it will be important to match specific translational control mechanisms with specific transcripts and with distinct memory traces. Understanding the complexities of translational control will allow for the molecular dissection of long-lasting plasticity mechanisms and eventual mnemonic processes.
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